Summary
Introduction 42
The development and gross anatomical organization of the mammalian 43 cerebral cortex is stereotyped across species (Angevine and Sidman, 1961 ; 44 DeFelipe, 2011; Rakic, 1974) . However, while all mammals possess a 45 hexalaminar cortex comprising diverse neuronal cell types, the primate cortex 46 has undergone dramatic evolutionary expansion, especially in layers (L) 2 and 3 47 properties of human neurons that may compensate for the filtering of electrical 60 signals that would occur along such extensive dendritic arbors (Eyal et al., 2016) . 61
These differences may contribute to the unique cable properties of human 62 pyramidal neuron dendrites and the enhanced ability of human neurons to track 63 high frequency synaptic input (Eyal et al., 2014; Testa-Silva et al., 2014) . 64 While these differences in passive neuronal properties are notable, 65 surprisingly little is known about how differential ion channel expression 66 contributes to differences in active membrane properties between human versus 67 rodent neurons. Voltage-gated ion channels shape a neuron's subthreshold 68 integrative properties and endow it with the ability to generate non-linear, 69 regenerative events, including axonal action potentials and dendritic spikes 70 and Spruston, 2015) . In this way, ion channels are prime contributors to 72 specialized neuronal function. Intriguingly, large-scale cross-species 73 comparisons of gene expression have revealed differences in the laminar 74 expression of several ion channel-associated genes between mouse and human 75 cortex (Zeng et al., 2012) . Specifically, RNA for HCN1, a major pore-forming 76 subunit of h-channels (Robinson and Siegelbaum, 2003 ) is differentially 77 expressed in human versus mouse neocortex (Zeng et al., 2012) . The 78 hyperpolarization-activated non-specific cation current, I h , which is carried by h-79 channels, greatly shapes a neuron's subthreshold integrative properties (Magee, 80 1998; Robinson and Siegelbaum, 2003; Williams and Stuart, 2000) . 81
Here, we use single nucleus transcriptomics and in vitro slice physiology 82 to provide evidence that h-channels contribute to the membrane properties of 83 supragranular pyramidal neurons in human cortex more so than in mouse cortex. 84
We then use a biophysical model to provide insight into how the presence of h-85 channels affects the integrative properties of human supragranular pyramidal 86 neurons. Our findings implicate a species-specific role for h-channels in dendritic 87 Surgical specimens were quickly transported from the surgical site to the 111 laboratory while continuously bubbled with carbogen (transportation time: 10-40 112 minutes). 113
Acute brain slice preparation 114
To ensure that the dendrites of pyramidal neurons were relatively intact, 115 human surgical specimens were trimmed and mounted such that the angle of 116 slicing was perpendicular to the pial surface. 350 µm thick slices were sectioned 117 on a Compresstome VF-200 (Precisionary Instruments) using the NMDG 118 protective recovery method (Ting et al., 2014) and either a zirconium ceramic 119 blade (EF-INZ10, Cadence) or a sapphire knife (93060, Electron Microscopy 120 Sciences). The slicing solution was the same as used for transport from the 121 hospital to the laboratory. After all sections were obtained, slices were 122 transferred to a warmed (32-34° C) initial recovery chamber filled with NMDG 123 aCSF under constant carbogenation. After 12 minutes, slices were transferred to 124 a Brain Slice Keeper-4 holding chamber (Automate Scientific) containing an 125 aCSF solution made of (in mM): 92 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 30 NaHCO 3 , 126 20 HEPES, 25 glucose, 2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 2 127
CaCl 2 ·4H 2 O and 2 MgSO 4 ·7H 2 O continuously bubbled with 95/5 O 2 /CO 2 . Slices 128 were held in this chamber at room temperature for 1-48 hours before transfer to 129 the recording chamber for patch clamp recording. 130
All procedures involving mice were approved by the Institutional Animal 131
Care and Use Committee. Mouse brain slices were prepared in largely the same 132 fashion as human slices. Four male and 6 female mice, 44-61 days old (49.8 ± 133 5.59), were deeply anesthetized by intraperitoneal administration of Advertin (20 134 mg/kg IP) and were perfused through the heart with NMDG aCSF (bubbled with 135 carbogen). Coronal slices containing the temporal association area (TeA) were 136 prepared as described for human with the exception that slices were 300 µm 137 rather than 350 µm thick. 138
Patch clamp recordings 139
Slices were placed in a submerged, heated (32-34° C) recording chamber 140 that was continually perfused (3-4 mL/min) with aCSF under constant 141 carbogenation and containing the following (in mM): 119 NaCl, 2. Patch pipettes (3-6 MΩ) were pulled from borosilicate glass using a horizontal 146 pipette puller (P1000, Sutter Instruments). The pipette solution for all 147 experiments contained the following (in mM): 130 K-gluconate, 10 HEPES, 0.3 148 EGTA, 4 Mg-ATP, 0.3 Na 2 -GTP and 2 MgCl 2 . The pipette solution also contained 149 5% biocytin and 20 µM Alexa 594. These were included to ensure that the apical 150 dendrite reached the pial surface. Alexa filled cells were visualized only upon 151 termination of the recording using a 540/605 nm excitation/emission filter set. 152
The theoretical liquid junction potential was calculated to be -13 mV and was not 153 corrected 154
Whole cell somatic recordings were acquired using a Multiclamp 700B 155 amplifier and PClamp 10 data acquisition software (Molecular Devices). Electrical 156 signals were digitized (Axon Digidata 1550B) at 20-50 kHz and filtered at 2-10 157 kHz. Upon attaining whole-cell current clamp mode, the pipette capacitance was 158 compensated and the bridge was balanced. Access resistance was monitored 159 throughout the recording and was 8-25 MΩ. Recordings were terminated if 160 access resistance exceeded 25 MΩ. ZD7288 (10 µM; Tocris) was prepared from 161 frozen concentrated stock solutions and diluted in recording aCSF. 162
Data analysis and statistical testing 163
Data were analyzed using custom analysis scripts written in Igor Pro 164 (Wavemetrics). All measurements were made at resting membrane potential and, 165 in a subset of experiments, at a common potential of -65 mV. Input resistance 166 (R N ) was calculated from the linear portion of the current−voltage relationship 167 generated in response to a series of 1s current injections (−150 to +50 pA, 20 or 168 50 pA steps). The maximum and steady state voltage deflections were used to 169 determine the maximum and steady state of R N , respectively. Voltage sag was 170 defined as the ratio of maximum to steady-state R N . Rebound slope was 171 calculated from the slope of the rebound amplitude as a function of steady-state 172 membrane potential. Resonance was determined from the voltage response to a 173 constant amplitude sinusoidal current injection that linearly increased in 174 frequency from 1-14 or 15 Hz over 15 s. The impedance amplitude profile (ZAP) 175 was constructed from the ratio of the fast Fourier transform of the voltage 176 response to the fast Fourier transform of the current injection. The frequency 177 corresponding to the peak impedance (Z max ) was defined as the resonant 178 frequency. The 3dB cutoff was calculated as the frequency at which the ZAP 179 profile attenuated to a value of (√1/2) Z max . Action potentials (APs) were elicited 180 in response to increasing amplitude, 1s direct current injections (50-750 pA, 50 181 pA steps). 182
Statistical analyses and plotting were performed using Prism (Graphpad). 183
Data are presented in the text as mean ± SEM or R 2 values. Between-subject 184 ANOVA, mixed factors ANOVA, two-sample Kolmogorov-Smirnov test and post 185 hoc t-tests were used to test for statistical differences between groups. 186
Bonferroni correction was used to correct for multiple comparisons. Pearson's 187 product moment correlation was used to test for statistically significant 188 correlations between variables. 189
Biophysical model 190
The morphological reconstruction ( Figure 7 ) was generated using parameters to fit the subthreshold responses were:
The kinetic parameters of I h were adopted from (Kole et al., 2006) Figure 1C ; data obtained from the Allen Brain Atlas, human.brain-map.org), 267 whereas in mouse it was seen most conspicuously in L5 in multiple brain regions, 268 including primary visual cortex and temporal association area (TeA; Figure 1D ; 269 data obtained from Allen Brain Atlas, mouse.brain-map.org). Notably, HCN1 270 expression was relatively high in interneuron populations in mouse and human 271 cortical tissue ( Figures 1A and B) , suggesting that the scattered labeling in the 272 supragranular layers of mouse cortex via ISH represent interneurons ( Figure 1D ). 273
Together these data suggest that there is widespread expression of h-channels, 274 especially those containing HCN1 subunits, in human, but not mouse, 275 supragranular pyramidal neurons. 276
Physiological evidence for differences in I h 277
To allow for direct between-species comparisons of pyramidal neuron 278 membrane properties as a function of somatic distance from the pial surface, we 279 first examined differences in the gross cytoarchitecture of mouse and human 280 cortex. For these purposes we chose the TeA of mouse cortex because it has 281 been used in previous studies as a comparator for the middle temporal cortex 282 we observed a sharp increase in cell density marking the boundary between L1 287 and L2 (mouse 151 ± 14 µm, human 276 ± 12 µm from pial surface). Below L2 288 was a sparser region of cells (L3) followed by a tight band of densely packed 289 cells (L3/L4 boundary, mouse 470 ± 6 µm, human 1469 ± 34 µm from pial 290 surface). Notably, the distance from the pial surface to the L3/L4 border ranged 291 from 1292-1637 µm in human sections and 453-508 µm in mouse sections. L4 292 was followed by a decrease in cell density, marking L5 (mouse 599 ± 10 µm from 293 pial surface, human 1736 ± 37 µm from pial surface). Finally, the bottom of L6 294 was 2963 ± 97 µm and 1252 ± 29 µm from the pial surface in human and mouse 295 neocortex, respectively. Thus, L2/3 represents ~40% and ~25% of the total 296 thickness of human temporal gyrus and mouse TeA, respectively. These 297 lowest input resistance were found deep in L3 whereas in mouse cortex they 326 were found superficially, near the L1/2 border ( Figure 2E ). For human temporal 327 cortex, these general observations were replicated in a subset of experiments in 328 which R N was measured at a common membrane potential of -65 mV ( Figure S2 ; 329 n = 43, r 2= 0.32, p < 0.001). In contrast, in mouse there was no correlation 330 between R N and somatic distance from pia in a subset of experiments performed 331 at -65 mV ( Figure S2 ; n = 24, r 2= 0.02, p= 0.53). Notably, the observation that R N 332 increases as a function of somatic depth from the pial surface in mouse temporal 333 association cortex is consistent with a previous report from mouse prefrontal 334 cortex (Routh et al., 2017) . Thus, the depth-dependence of R N observed here 335 might be a hallmark of mouse L2/3 regardless of cortical region. 336
To make direct comparisons between mouse and human pyramidal 337 neuron properties, we binned the data into quarters based on normalized soma 338 distance from the pial surface to the border of L3 and L4. Human neurons were 339 more depolarized than mouse neurons throughout the first three quarters of 340 supragranular cortex (p = 0.03; ANOVA followed by post-hoc comparisons; 341 Figure 2F ). Furthermore, human neurons displayed a higher R N in the most 342 superficial portion of supragranular cortex and lower R N in the lower half of 343 supragranular cortex (p < 0.001; ANOVA followed by post-hoc comparisons; 344 Figure 2F ). These data demonstrate significant distance-dependent differences 345 in the properties of human versus mouse supragranular pyramidal neurons. excitability between mouse and human pyramidal neurons ( Figure 5D ; ANOVA, 426 p<0.001 followed by post-hoc t-tests). These general observations were 427 replicated in a subset of experiments when the membrane potential was held at a 428 common level via direct current injection (-65 mV, Figure S2 and 3) . These data 429 suggest that the depth-dependent intrinsic excitability of mouse and human 430 pyramidal neurons differs dramatically. The most excitable human neurons were 431 located superficially in supragranular cortex whereas the most excitable mouse 432 neurons were located in the deepest part of the supragranular layers. While 433 these results mirror the depth-dependent differences in I h -dependent membrane 434 properties described above, there are likely many contributors to these 435 differences in excitability. 436
The data presented thus far were collected from tissue obtained from 437 patients with temporal lobe epilepsy. To assess the generality of the between-438 species differences in I h -related membrane properties, we also obtained data 439 from temporal lobe tissue from a patient diagnosed with a deep brain tumor. The 440 depth-dependent I h -related membrane properties observed in tissue obtained 441 from epilepsy patients were also observed in supragranular cortex from this 442 tumor patient ( Figure S4 ). While we can't rule out subtle differences, these data 443
suggest that I h -related membrane properties in supragranular pyramidal neurons 444
are not solely related to epilepsy. 445
Pharmacological evidence for I h in human supragranular pyramidal 446 neurons 447
To test for the relative contribution of I h to the intrinsic membrane 448
properties of human versus mouse pyramidal neurons, we bath applied the h-449 channel blocker ZD7288 while monitoring resting membrane potential (Figure 6) . 450
For these experiments, we focused on recording from neurons located deeper in 451 supragranular cortex, where I h -related properties were more apparent in both 452 species. On average, ZD7288 produced a hyperpolarization of the RMP by 9.44 453 ± 0.80 mV in human neurons and -0.19 ± 1.68 mV in mouse neurons ( Figure 6A) . 454
In addition, input resistance, when measured at a common potential of -65 mV 455 increased by 62.14 ± 11.81% in human neurons (from 40.30 ± 2.37 MΩ to 64.35 456 ± 3.23 MΩ) and by 19.47 ± 7.89% percent in mouse neurons (from 130.63 ± 5.74 457 MΩ to 158.20 ± 11.86 MΩ; Figure 6B ). ZD7288 also eliminated voltage sag, 458 rebound and resonance, indicating that these membrane properties are 459 dependent on functional h-channels in human supragranular pyramidal neurons 460 ( Figure S5 ). In addition, ZD7288 reduced the cutoff frequency of human neurons 461 more so than mouse ( Figure S5 ). Finally, ZD7288 increased the excitability of 462 human pyramidal neurons, as is apparent in the parallel shift of the average 463 input/output curve in Figure 6C . Together, these data suggest that I h contributes 464 to the intrinsic membrane properties of human supragranular pyramidal neurons 465 significantly more so than mouse neurons. To explore whether I h might similarly affect the integrative properties of human 481 supragranular pyramidal neurons, we used a morphologically precise 482 (morphology is shown in Figure 7C ) computational model of a human layer 3 483 pyramidal neuron (Methods) that possessed no active conductances other than 484 I h . We chose to model a deep L3 pyramidal neuron where I h -related properties 485 were more apparent. 486
We first asked whether the presence of I h in the model reproduced the 487 subthreshold resonance observed in many deep supragranular pyramidal 488 neurons in human temporal cortex ( Figures 7A and B) . The presence of I h 489 significantly affected the response of the model to a somatic chirp current 490 injection. Notably, even though the chirp stimulus was not used to generate the 491 computational model, in the presence of I h (model: I h (+)), the model displayed 492 band pass filtering properties closely resembling those observed experimentally 493 (Figures 7A and B) . In contrast, in the absence of I h (model: I h (-)) the frequency 494 response of the model markedly departed from the experimentally measured one 495 (Figures 7A and B) . 496
We next assessed how the presence of I h in the model affected the 497 integration of synaptic input arriving at various locations along the dendrite. To 498 this end, we activated AMPA-like conductances at several locations along the 499 dendritic arbor and measured the resultant local dendritic and propagated 500 somatic voltage responses (Figures 7C and D) . In a totally passive neuron, low-501 pass filtering severely attenuates and distorts synaptic inputs as they propagate 502 to the soma, especially those arriving at distal locations (Koch, To examine this possibility, we initiated bursts of AMPA-like conductances at 519 various frequencies and different locations along the dendrite and measured the 520 resulting somatic response. The total somatic depolarization (as quantified by 521 the integral of the somatic voltage response) was reduced across several 522 frequencies of synaptic input ( Figure 7G) . Thus, the presence of I h in the model 523
L3 human pyramidal neuron reduced the temporal summation of synaptic inputs. 524
Finally, by opposing changes to membrane potential, I h can impart 525 phenomenological inductance to the membrane. This has the effect of 526 counteracting lags in the phase of membrane potential relative to current that is 527 imposed by capacitive elements of the membrane (Koch, 1984; Mauro, 1961) . 528
This inductive property of I h is also known to promote the transfer to the soma of 529 We have provided new evidence indicating a disparate contribution of h-547 channels to human versus mouse supragranular pyramidal neuron properties. 548
In contrast to mouse, human supragranular excitatory neurons ubiquitously 549 expressed HCN1 transcripts as well as transcripts for PEX5L, a gene coding for 550
an important regulatory protein of h-channel function. Consistent with this 551 observation, we observed more pronounced I h -related membrane properties in 552 human compared with mouse pyramidal neurons at all distances from the pial 553 surface, as well as depth-dependent differences in R N and excitability. 554
Furthermore, the h-channel blocker, ZD7288, affected these intrinsic membrane 555
properties in human more so than in mouse supragranular pyramidal neurons. 556
Finally, we used a computational model to provide evidence that the expression 557 of h-channels in human supragranular pyramidal neurons narrows the window for 558 synaptic integration by accelerating EPSP kinetics and promotes the transfer of 559 synaptic input containing theta frequencies from the dendrite to soma. dendritic membrane properties could contribute to differences in the cable 566 properties of human versus rodent pyramidal neurons (Eyal et al., 2016) . 567
Likewise, these differences, together with differences in synaptic properties may 568 Our findings contrast with a previous report that found few correlations 580 between L2/3 membrane properties and somatic depth from the pial surface in 581 human cortex (Deitcher et al., 2017) . This discrepancy may be due to 582 differences in sampling. The dataset included in the previous report was smaller 583 than the current set (n = 25 versus n = 55). Thus, it is possible that our data set 584 captured more depth-dependent variability in intrinsic properties simply because 585 of increased sampling. Relatedly, we sampled a wider range of somatic depths 586 from the pial surface than the previous study (350-1600 µm in the current study; human cortex are more prominent in deep, compared to superficial, L2/3 606 pyramidal neurons. We note, however, that I h is unlikely to explain all of the 607 depth-dependent differences in intrinsic properties we observed between mouse 608 and human pyramidal neurons. Clearly other factors, including in morphology 609 and/or differential expression of conductances other than I h may contribute to the 610 depth-and species-dependent differences in excitability, R N and subthreshold 611 filtering we observed. 
